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1) Quantum mechanics and general )’Z
relativity: why gravity Is different o

There are four fundamental interactions in nature -

Interaction Description distances
Gravitation Rel. gen. Infinity
Electromagn. M azxwell In finity

Strong Yang — Mills (QCD) 107 5m
Weak Weinberg — Salam 107 1'm
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With the exception of gravity, all other interactions X
are described by renormalizable quantum field
theories (QFT).

QFT = relativity + quantum mechanics

Computation of physical obervables is based on
perturbation theory:

€ &
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Point-like interactions in Feynman diagrams
generate ultraviolet (UV) divergences

= Renormalizable theory: the UV divergences can be
« hidden » into a finite number of parameters
(charges,masses)

= Renormalization predicts the variation with energy
of the fine structure constant, confirmed at CERN.
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Einstein general relativity is a classical theory :
Mass/energy ) spacetime geometry g,

lts quantization  Yur = Muw + 35w leads to
UV divergences which cannot be reabsorbed In a
finite number of parameters === non-renormalizable
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The coupling of gravitational interaction is
b
Mp
m=) Nhegligible quantum corrections at low energy.

At high-energies £ ~ Mp orin strong gravity
flelds, theory of quantum gravity IS necessary.

i
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2) String Theory: from strong X

ECOLE
PourTECHMIOuE

Interactions to gravity

= 1964 - Gell-Mann proposes quarks as constituents
of hadrons, through the « colored » strong

Interactions

7T -meson charmonium meson K-me=zon

Quarks are « confined » into hadrons by forces
Increasing with distance. Mesons are strings of color
with quarks at their ends.
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= 1967-1968 : Veneziano, Nambu,
Nielsen,Susskind

Properties of the hadronic interactions well described
by string-string interactions.

= Classical strings = vibrational modes w;, = nM;

= Quantum strings = particles M7 =nM? | with
string mass scale M, ~ GeV

Hadrons are the vibrational modes of the quantum
strings.
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L]
Some problems of the hadronic strings: X

ECOLE
Poiichiove

= Consistency conditions == 22 additional space
dimensions.

= All string excitations are bosonic.

= [nstablility: tachyonic scalar ( A72 < 0) In the
spectrum.

*= |n addition to gauge bosons (spin 1), a massless
spin-two particle.
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(Partial) solution of the first two problems X
enlarge the symmetry of the theory :
Supersymmetry — ==
= equal number of bosons and fermions
(superstrings)
Standard particles SUSY particles >ﬁ<

dy sg b

) Quarks @ teotons @ Foce particles
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Supersymmetry has to be broken. )*(

A central problem for String Theory. .
selectron ?
electron break!
T
-
mass = 0.0005 Ge¥ k‘- Ty
™ 1000 GeV ()
photon

o - o
mass = 0

photino ?



= six additional space dimensions

e 1974 (Scherk-Schwarz) : the interactions of
the spin 2 particle is that of the graviton in general
relativity !

The zero mass spectrum of superstrings

contains matter particles (fermions,scalars) and the
mediators (bosons of spin 1 and spin 2) of all four
fundamental interactions !
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There are two type of strings:

- Closed. Excitations:
gravitons

- Open. Excitations:
photons (gauge fields),
electrons, etc
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&
= Strings have no point-like interactions X
(minimal length 1, = M2 ) £

—> no UV divergences.
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-
On the contrary, high-energy limit of string X

IIIIIIIIIII
ARRRSTE BB BACAAR

Interactions (at fixed scattering angle) is
much softer than in field theory

1 _
o 2
O-FTNS O'STNe MS

NS
VRN ~
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1984-1986 (Green-Schwarz ; Witten and coll,
Gross and coll) : understanding of the
- consistency conditions,

- compactication
- generation of chiral fermions In four dims.

=)

topological prooerties of the compact six-dim. internal
space
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Wltten)

Holographic duality

field theory iIn 4d string theory in 10 dims
strong coupling weak coupling
on AdSs x X5

This allows for a study of a strongly coupled 4d field
theory with resonances in terms of a perturbative
gravity theory in a higher dimensions.

Usually only the AdSs factoris important —mms)
five-dimensional gravity theory on a warped space.
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aaaaaaaaaaaaaaaaaa

open string

closed string

AdS/CFT correspondence

41mgs = gym? ?’,

closed strings
in D3 brane throat

g __
N=4 SU(N;) Yang-Mills AdSsxS5
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3) Extra dimensions and >,%<

ECOLE
POLYTECHNIQUE
ARSI PAErS-BAC AR

Kaluza-Klein unification

The electromagnetic interaction and gravity can be
described In a uniflied manner starting from Einstein
gravity in 4 + 1 dimensions

(Nordstrom,1914 ; Kaluza,1921)
five dimensions four dimensions
IMN Guv Ay = 9u5 » 955 — ¢2/3

(graviton) (graviton) photon scalar
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e If the new space dimension Is infinite, the gravity

attractive force Is

F~ 7172 instead of F ~ m;’g’@ = needs to compactify

the extra dimension
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Kaluza-Klein modes

if spatial dimension is compact
then momentum in that
dimension is quantized:

from our point of view we see new



2
4) D-branes and brane-world models X

String Theory has hyper-surfaces of p space dims.

called Dp-branes, which contain gauge and matter
flelds

é:j__,-—-— - Gauge bosons in adj.
b

% Chiral matter in (N, 3)
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Dp-branes have mass 1) X
and carry charges dp

SUSY D-branes : mass=charge 1, = g,
Charge neutrality in internal space  mm)

non-dynamical localized objects (mirrors) of
negative mass and charge : O-planes

Crucial constraint: RR tadpole constraints ==
UV finiteness <4==) Gauss law in internal space
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%
Cartoon picture of a string model X

ECOLE
POLYTECHNIQUE
ARRRSTE BB BACAAR

open
strings

gauge interactions
confined to
(p+1) dimensions
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Brane-world models :
- The Standard Model is localized on a D-brane
- Gravity propagates into the bulk of 10d space

- Fundamental scale M, ~ My > 10 TeV << Mp

escape into
the bl
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There are two types of extra dimensions:

- perpendicular (to our D-brane world)

Only gravity propagates m==)
experimental constraints come mainly from

deviations from Newton law : R, < 0.1 mm
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Parallel dimensions: photons,electrons propagate X
tighter constraints: R < 1071 mm

- KK states can be
produced at colliders
- They can trigger
unification at low-energy 4o -
- Dark matter candidate '
(lowest KK particle)

60 [~

] 1 1 1 | ] ] 1 l L
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log,,(1/GeV)
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There was an intense activity in constructing )‘*(
holographlc extensions of the Standard Model

oD
i T L
@7
>< o
UV (M) IR (TeV)

Holographic « dictionary »:

- States localized on the UV brane are elementary

- States localized on the IR brane are composite
(resonances) of a strongly coupled sector.



5) Conclusions

= String theory: fascinating journey into the quantum
structure of gravity.

= |t evolved from a theory of hadrons to a theory
unifying all fundamental interactions.

= With the advent of holography, it became again a tool
to study strong interactions.

= Large extra spacetime dimensions

string theory at a low scale M, =)

spectacular effects:

- Regge states

- unification at low energy

- submm dims.
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Supersymmetry breaking still a major issue .

Thank you
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Large literature on SUSY non-linear realizations and low-energy

goldstino interactions

- Volkov-Akulov, Ivanov-Kapustnikov

- - Siegel

- Casalbuoni, Dominicis, de Curtis, Feruglio, Gatto
- Brignole, Feruglio, Zwirner; Brignole

- Komargodski and Seiberg (KS)...
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